Abstract. By focusing on time sequences of basin-average and global-average upper ocean temperature (i.e., from 40øS to 60øN) we find temperatures responding to changing solar irradiance in three separate frequency bands with periods of >100 years, 18-25 years, and 9-13 years. Moreover, we find them in two different data sets, that is, surface marine weather observations from 1990 to 1991 and bathythermograph (BT) upper ocean temperature profiles from 1955 to 1994. Band-passing basin-average temperature records find each frequency component in phase across the Indian, Pacific, and Atlantic Oceans, yielding global-average records with maximum amplitudes of 0.04 ø _+ 0.01øK and 0.07 ø _+ 0.01øK on decadal and interdecadal scales, respectively. These achieve maximum correlation applied wavelet transform analysis to the global-average northern hemisphere portion of this data set, finding significant solar-related signals on both decadal and interdecadal scales. We inquire into the global connection between decadal and interdecadal climate variability and changing solar irradiance by focusing upon the oceanic portion of the global surface temperature record from 1990 to 1991. We complement it with a new global upper ocean temperature record compiled mostly from bathythermograph (BT) measurements collected from 1955 to 1994. The latter allows us to examine the heat budget of the oceanic response to changing solar irradiance in a simple way not possible over land, answering the question, Where is the anomalous heat from changing solar irradiance stored? By taking this approach we are able to achieve complementary specifications of solar-related decadal and interdecadal signals in upper ocean temperature in these two independent data sets (and in three independent ocean basins). Three different statistical techniques (i.e., power spectra, multichannel singular spectrum analysis (MSSA), and empirical orthogonal function (EOF)) are used to show significant associations between global-average upper ocean temperature and solar irradiance on both decadal and interdecadal timescales. These yield estimates for phase lags of the global-average sea surface temper- 3255 
ature response to changing solar irradiance and estimates for depths to which the temperature response penetrates into the upper ocean on both timescales. These two pieces of information (i.e., phase lags and penetration depths) allow an anomalous global-average heat budget to be constructed for the upper ocean temperature response to changing solar irradiance at the sea surface (i.e., solar insolation), yielding amplitudes for the responses and phase lags that are of the same order as those observed.
Observations and Methods
Two independent, but complementary, ocean temperature data sets are employed. They are the Global Ice and Sea Surface Temperature (GISST) sea surface temperatures extending from 1900 to 1991 [Folland and Powell, 1994 ] and the bathythermograph (BT) temperatures extended from 1955 to 1994 [White, 1995] . GISST data derive from surface marine weather observations which have undergone considerable quality control, with random errors reduced to approximately _+0.5øK through interpolation onto a 1 ø latitude-longitude grid each month. BT data derive from vertical temperature profiles from mostly mechanical, digital, and expendable bathythermographs extending from the sea surface to at least 160 m depth. They have undergone considerable quality control, with random errors reduced to approximately _+0.4øK through optimum interpolation [Gandin, 1963] onto a 2 ø latitude by 5 ø longitude grid at depths of 0, 20, 40, 60, 80, 120, and 160 m each month. Subsequently, for both GISST and BT temperature-gridded fields, gaps in the time record were filled by applying maximum-entropy spectral analysis to each individual time series [Andersen, 1974] . Where gaps exceeded 20% of the record, time sequences were eliminated from further consideration. This yielded complete records for GISST data from 40øS to 60øN for 92 years from 1900 to 1991. It yielded complete records for BT data from approximately 30øS to 60øN for 40 years from 1955 to 1994.
A major question in this study is whether standard errors of _+0.5øK and _+0.4øK in individual GISST and BT upper ocean temperatures estimates, respectively, can be lowered enough in basin and global averages to resolve expected responses of 0.025ø-0.05øK. Errors in area averages decrease from those of individual estimates in proportion to the inverse square root of the number of independent estimates [Young, 1962] . Therefore, if we considered each grid point estimate each month to be independent, then errors in basin and global averages would be less than grid point errors by 2-3 orders of magnitude. However, White [1995] determined that individual grid point estimates of upper ocean temperature variability are not independent, with anomalous variability dominated by decorrelation scales ranging from 3 to 6 months, 2.50-5 ø latitude, and 5ø-10 ø longitude, smaller in the Atlantic and Indian Oceans than in the Pacific Ocean. As such, we estimate here that approximately 90, 50, and 30 independent estimates occur in the Pacific, Atlantic, and Indian Oceans, respectively, every 3 months. This yields a conservative estimate for standard errors in basin-average monthly mean temperatures, ranging from _+0.04 ø to 0.08øK in both data sets. These errors are subsequently reduced by approximately 4 (i.e., _+0.01ø-0.02øK) when computing band-passed anomalies that detect decadal signals (i.e., assuming four independent estimates per year) and by approximately 6 (i.e., to +0.007ø-0.014øK) when computing band-passed anomalies that detect interdecadal signals. Errors in the global average are reduced from basin-average errors by nearly another factor of 2, reducing largest standard errors to _0.01øK.
For information about solar irradiance changes over the past century, and in lieu of the commonly used but geophysically irrelevant sunspot number, we utilize reconstructed solar irradiance based on a statistical model calibrated with space-based measurements of solar radiative output over the past 15 years [Lean et al., 1995a] . Estimates outside this time base are available from reconstructions based on knowledge of sources of irradiance variability deduced from extant radiomerry, extended in time using parameterizations with appropriate solar activity proxies. The l 1-year solar irradiance cycle occurs because bright solar faculae and dark sunspots modulate the A major question impacting this study is whether changing solar irradiance influences global-average upper ocean temperature directly through solar insolation or whether it influences it indirectly through its impact upon the intervening atmospheric wind and cloud patterns. Haigh [1996] examined the influence of the ultraviolet (UV) portion of changing solar irradiance upon stratospheric ozone in an atmospheric general circulation model, finding subsequent heating altering stratospheric and tropospheric winds, displacing them poleward during peak solar irradiance. H. Svensmark and E. FriisChristensen (Variation of cosmic ray flux and global cloud covcrage--A missing link in solar-climate relationships, submitted to Journal of Atmospheric and Terrestrial Physics, 1996) (hereinafter referred to as Svensmark and Friis-Christensen, submitted manuscript, 1996) examined the influence of changing solar irradiance upon cosmic ray activity (i.e., responsible for ionization in the troposphere), finding it modulating global cloud cover, decreasing it during peak solar irradiance. While we cannot establish in this study whether these atmospheric influences are responsible for some portion of the upper ocean temperature response to changing solar irradiation, Lean et al. [1995a] have determined that during the 11-year-cycle, the total irradiation at UV 200-300 nm contributes only about 12% of the total irradiance change. From the Maunder Minimum to the present, the UV 200-to 300-nm radiation is estimated to contribute even less, that is, about 6% of the total irradiance change [Lean et al., 1995b] . These differences in long-term and 11-year UV components of total irradiance variability reflect different competing roles of sunspot darkening and facular brightening estimated to be influencing the Sun's radiative output on different timescales. Regardless, approximately 90% of the total irradiance change on decadal and interdecadal timescales is at wavelengths that penetrate to the troposphere, allowing direct forcing of sea surface temperature by the changing solar insolation to be a plausible mechanism. the comparison over the longer period (1900-1991), extending it to individual ocean basins, and extending it into the subsurface ocean. Unfiltered BT and GISST records in Figure 1 display global-average variability on interannual scales as well, with peak anomalies occurring during 1958, 1964, 1966, 1969, 1973, 1977, 1980, 1983, and 1988 global-average sea surface temperature on interdecedal scales. This is 50% larger than found on decadal scales.
Global Upper Ocean
We also use the GISST global-average sea surface temperature record to examine decadal variability from 1900 to 1991. As with the BT record, we apply the band-pass filter with half-power points at 7 and 15 years [Kaylot, 1977] , isolating decadal signals from interannual and interdecadal signals in both temperature and reconstructed solar irradiance records over this extended period. The GISST band-passed time sequence displays fluctuations with peak anomalies near 1907, 1917, 1928, 1942, 1951, 1961, 1970, 1980, and 1990 
Global-Average Anomalous Heat Budget of the Upper Ocean
Whether the observed amplitude of global-average upper ocean temperature anomalies can be explained by the observed amplitude of changing solar irradiance is determined by examining the global-average anomalous heat budget [e.g., Gill, 1982] 
Discussions and Conclusions
One important question answered by this study is whether global-average upper ocean temperature responses to changing solar irradiance on decadal and interdecadal scales (i.e., with expected amplitude of 0.05øK) can be detected by surface marine weather and bathythermograph observations collected over the 95 years from 1900 to 1994. The answer is yes, with evidence for this stemming from our ability to observe this upper ocean temperature response in phase over three different ocean basins (i.e., Atlantic, Pacific, Indian), on two different timescales (i.e., decadal and interdecadal), and with two independent data sets (GISST and BT). Moreover, an error analysis was conducted using observed decorrelation scales to assess the numbers of independent estimates in each ocean basin (and over the global ocean), establishing a conservative estimate for the standard error of global-average sea surface temperature anomalies of _+0.01øK. This should not be surprising considering the many millions of observations contained in these data sets.
Associations, phase lags, and climate sensitivities between global-average upper ocean temperature and solar irradiance anomalies derive from the following evidence:
1. Decadal (9-13 years) and interdecadal (18-25 years) periodicities and trends are found to share signals between solar irradiance and sea surface temperature using three different analysis techniques (i.e., power spectra, MSSA, and EOF). Each of these analyses indicates that global-average sea surface temperature anomalies lag or are simultaneous with solar irradiance anomalies, with average phase lags ranging The fact that these patterns of variability resemble those observed in global ocean-atmosphere coupled models [e.g., Latifand Barnett, 1994] strongly suggests that the loss of anomalous heat to the atmosphere (via long-wave back radiation and turbulent air-sea fluxes) in the anomalous upper ocean heat budget may excite these natural modes of oceanatmosphere coupling or cause them to come into phase with the changing solar insolation. The effect of this hypothetical coupled interaction would be to accentuate the tropical upper ocean temperature response and to diversify the extratropical response to the extent that the latter has little or no globalaverage expression, as observed. In the future, modeling studies need to be conducted that identify coupling mechanisms responsible for this. Moreover, modelers need to establish whether ocean-atmosphere coupling intensifies (or diminishes) the amplitude of the global-average response to changing solar insolation. Does the atmospheric response provide a net negative or positive feedback?
We have presented here only one mechanism (i.e., solar insolation) for explaining how changing solar irradiance can induce changes in global-average upper ocean temperature. Other mechanisms have been proposed that alter the atmosphere directly and the upper ocean indirectly. One such mechanism has been proposed by Haigh [1996] , who finds the UV portion of peak solar irradiance increasing ozone production, leading to stratospheric heating and to poleward displacements in the stratospheric and tropospheric wind systems. Another mechanism has been proposed by Svensmark and FriisChristensen (submitted manuscript, 1996) who find peak solar irradiance decreasing global cloud cover through its influence upon cosmic ray activity and tropospheric ionization. Each of these atmospheric mechanisms has the potential for increasing global-average upper ocean temperatures during peak solar irradiance. In the future, the contributions that these indirect mechanisms make to the response of global-average upper ocean temperatures to changing solar insolation need to be established. Do they intensify or diminish it?
Finally, what do these results on decadal and interdecadal scales have to teach us about the apparent simultaneity of trends observed here in basin-and global-average GISST sea surface temperature anomalies and in reconstructed solar irradiance anomalies? These trends over the past century have
